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Molecular markers enable identification and

- Pathogen diagnosis, epidemiology

- Commerce: import (APHIS) and export

- Biocontrol organisms

- Ecology

- Risk Assessment

- Environmental Persistence

genotyping of agronomically important microbes



Selecting genetic markers

- Number

- Variability (Resolution)

- Type

Constraints to developing genetic markers

- Available genetic resources

- Time

- Expense



Genetic Marker Categories

2) Species-level phylogeny

- Phylogeography

Intron Intergenic
Region

ExonExon

Nuclear protein coding loci (NPCL)

1) Deep Phylogeny

3) Intra-specific: phylogeny

- Demographic history

4) Intraspecific- population genetics

Level of Genetic Resolution

Exon

1) Nuclear protein coding loci (NPCL)

2) NPCL or EPIC/”Epigs”

4) Microsatellites (SSR), SNPs

3) EPIC

(Exon-primed intron/intergenic crossing)

EPIC

Microsatellite

e.g., CAG, CAG, CAG…

EPigs

- strain genotyping



Beauveria bassiana

Generalist entomopathogen

Biocontrol formulations



Hierarchical genetic markers for Beauveria

1) Deep phylogeny: phylogenetic systematics (NPCL)

2) Intraspecific phylogeny (EPigs):

3) B. bassiana reproductive mode (Mating type loci)

4) B. bassiana population genetics (Microsatellites) 

B. bassiana phylogeny, biogeography



Fungal Tree of Life: AFTOL (http://aftol.org)

James et al. 2006 Nature
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Sung et al. 2007 Studies in Mycology 57:1-63

Clavicipitalean Multi-locus Phylogeny
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0.005 substitutions/site

Beauveria Species Boundaries and Relationships

*

Isaria farinosa
Cordyceps militaris

Isaria tenuipes
Isaria cicadae

B. pseudobassiana

IMI228343
BCC17613
ARSEF 4755

ARSEF 2922
ARSEF 7117
ARSEF 2251
ARSEF 4302
ARSEF 8024
ARSEF 2567
ARSEF 1567

ARSEF 3220
ARSEF 3405
ARSEF 7242

ARSEF 3216
ARSEF 3529
ARSEF 1855
ARSEF 4933
ARSEF 2997

ARSEF 6229
ARSEF 1685
ARSEF 5689
ARSEF 7043
ARSEF 7280
ARSEF 7044
ARSEF 7281
ARSEF 7279

ARSEF 4384
ARSEF 4474

ARSEF 4850

ARSEF 4580
ARSEF 4622
ARSEF 4598

ARSEF 6214
ARSEF 7268
ARSEF 7376
ARSEF 2271
ARSEF 2831
ARSEF 4363
ARSEF 4362
ARSEF 617
JE 276
ARSEF 979

F621
F638
ARSEF 985
IP951
IP 780
IP 969
ARSEF 7058
ARSEF 6213
ARSEF 6215

ARSEF 1040
ARSEF 1478

ARSEF 1564
F1208
ARSEF 751
ARSEF 300
ARSEF 1811

ARSEF 1848
ARSEF 8257
ARSEF 8259
ARSEF 2694
ARSEF 7032

100/100/100

ARSEF 4149
B518a

ARSEF 7542
ARSEF 1969

ARSEF 2641

ARSEF 5050 
ARSEF 4029

ARSEF 4096
ARSEF 7260

B. bassiana

B. kipukae

B. varroae

B. brongniartii

B. australis

B. asiatica

B. amorpha

B. sungii

B. caledonica

B. vermiconia
B. malawiensis

*

*

*
*

*
*

- species boundaries defined

- 7 new species *

- database for species identification

- 5 gene, 7200 bp dataset

Rehner et al. Mycologia, accepted

- 1200 strain screen 

Ackno: R.A. Humber, ARSEF



Beauveria

10 changes

B. bassiana

ARSEF 617
ARSEF 979
ARSEF 4362
ARSEF 7978

ARSEF 6213
ARSEF 4580

ARSEF 4384
ARSEF 7032

ARSEF 8257
ARSEF 8259

ARSEF 2694

ARSEF 1848
ARSEF 2641

ARSEF 7542
ARSEF 4149

ARSEF 1969
ARSEF 1567
ARSEF 2567
ARSEF 4302
ARSEF 2251 

ARSEF 2922
ARSEF 5689
ARSEF 7044
ARSEF 7280
ARSEF 7043
ARSEF 7281

ARSEF 7279
ARSEF 1685

IMI 228343
BCC17613
ARSEF 4755

ARSEF 1855
ARSEF 4933

ARSEF 6229
ARSEF 3529

ARSEF 3216
ARSEF 3220
ARSEF 3405
ARSEF 7242

ARSEF 7246, 7276

>>80% of all environmental isolates

ARSEF 1040

ARSEF 1478

ARSEF 1811

ARSEF 300

ARSEF 1564

ARSEF 751

- cryptic phylogenetic diversity



EPigs Markers for B. bassiana

EFutr

Bloc

BTutr

more…..

1550 bp
Intergenic Region

3’-Bloc ORF

(Exon-primed intergenic-crossing)

1650 bp
Intergenic Region

3’-tef1 ORF

1050 bp
Intergenic Region

ORF 5’-Btub

Rehner et al. JIP 2006, unpubl.



C

7238 ASIA
6232 ASIA
7047 ASIA

7257 ASIA
7259 ASIA

6722 ASIA
7270 ASIA

1098 ASIA
4377 ASIA
6723 ASIA

6027 ASIA
7237 ASIA

4853 ASIA
1677 ASIA
6234 ASIA

5718 ASIA
6720 ASIA

1103 EU
1105 EU

1553 ASIA
340 EU
1628 EU
1164 AF R
1174 AF R
3462 N Am
5492 N Am
477 SAm
958 SAm
7256 ASIA
7258 ASIA

7273 ASIA
751 ASIA
7274 ASIA

BC C14486 ASIA
BC C19743 ASIA
BC C14220 ASIA

2164 ASIA
BC C2917 ASIA

BC C2659 ASIA
BC C14356 ASIA

560 ASIA
566 ASIA

3456 N Am
319 NAm

3995 EU
PR E1 SAm

506 EU
1121 EU
4289 AU S

6931 N Am
2957 N Am

3445 N Am
PR H1 N Am

2010 N Am
1835 SAm

4981 ASIA
5290 ASIA
283 EU
353 NAm
547 ASIA

6529 AF R
B460 SAm

BC C19082 ASIA
5738 AF R
2689 AF R
2253 EU

5987 AU S
3086 N Am
B373 SAm
753 SAm
815 EU
KVL 03 84 EU

3477 SAm
1053 SAm

656 ASIA
678 ASIA

5649 AF R
302 ASIA
305 ASIA

1555 ASIA
6231 ASIA

1156 EU u
1975 EU

6233 ASIA
2725 ASIA

709 ASIA
718 ASIA
1040 ASIA

5501 SAm
708 ASIA
1001 ASIA

1679 ASIA
6387 ASIA

2041 ASIA
IMI386367 EU
IMI386605 EU
IMI388950 EU
1185 EU

5646 AF R
5650 AF R

3181 ASIA
3198 ASIA

9201 SAm
502 ASIA
2597 ASIA
714 ASIA
2427 ASIA
4396 ASIA
1149 EU
1514 EU
1816 AF R
2571 N Am
6907 N Am
5078 N Am
2075 SAm

5647 AF R
1007 ASIA

1269 ASIA
B900 SAm

356 AU S
304 ASIA
5342 N Am
1151 N Am

6973 AF R
6975 AF R
1079 N Am
3385 N Am
2882 N Am
344 NAm

6471 N Am
7540 N Am

3607 EU
6067 AF R
6079 AF R

681 EU
1811 AF R
318 NAm
TP3 1 4W N Am
4200 EU

3041 N Am
220 EU
1520 EU
5642 AF R
5641 AF R
4305 AU S
4672 AU S
4258 AU S
4135 AU S
5768 N Am
5769 N Am
B824 SAm
PR 5 SAm
721 SAm

6890 N Am
792 NAm

B330 SAm
ER GH 82 AFR
ER GH 86 AFR
ER GH 12 AFR
2330 N Am
3111 N Am
5339 N Am

6390 ASIA
KVL 03 117 EU
KVL 03 114 EU

1848 EU
1853 N Am
350 NAm
5495 N Am

2695 EU
7541 N Am
5740 N Am
5741 N Am

3289 SAm
3309 N Am
3311 N Am

3287 N Am
3443 SAm
6660 N Am
MM35 26 NAm

300 AU S
326 AU S

337 NAm
2430 N Am

MM38 06 NAm
6976 AF R
1478 SAm

2485 N Am
2487 N Am

3205 N Am
1073 EU
4051 EU
KVL 03 92 EU
1366 EU

3444 N Am
3450 N Am

Bv  undescribed
Bv  undescribed2

B brongniart ii 1
B brongniart ii 2

5 changes

A

B

E

G

J

K

L

M

Mycotrol *

I

H

C

F

F
*H

G K
E L

M

I
E

L

F
E

G

E

*

*
*

HG

F K

I

*H

L

Global Phylogeography of the B. bassiana-group with EPigs markers

- EPigs resolve cryptic diversity

- 3 principal species: A, B, C

- numerous rare lineages

- Mycotrol, “rare lineage”

- detected on 4 continents



Mating type genes in the  B. bassiana-group

MAT-1

MAT-2

!

DNA Lyase MAT 2

MAT 1

ORF

ORF

Mating Type Locus



Microsatellite (SSR)

- 18 polymorphic trinucleotide microsatellite markers

- amplify across B. bassiana s.s. complex

- strain-specific genotyping

Rehner & Buckley, MEN 2003

CAG14 repeat

Population genetic markers for B. bassiana

- population genetic analysis

Meyling et al., Mol. Ecol. 2009



Genetic Diversity of Beauveria in Denmark:

Meyling et al. Mol. Ecol. 2009

Cultivated vs. Adjacent Hedgerow Habitats

N. V. Meyling

University of Copenhagen



ARSEF 1628

ARSEF 815

ARSEF 1185

ARSEF 1848

JE 276

ARSEF 4933

Cordyceps cf. scarabaeicola
5 changes

Beauveria spp. at Bakkegaarden Site

B. bassiana-group species

B. brongniartii

B. pseudobassiana

100

100

100

73

99

85

99

96

88

73

KVL 03-141

KVL 03-176

KVL 03-84

KVL 03-85

KVL 03-73

KVL 03-90

KVL 03-114

KVL 03-117

KVL 03-102

KVL 03-92

KVL 99-106

KVL 03-91

KVL 03-139

KVL 03-136

 = Reference Isolates

100

Eu_1

Eu_3

Eu_4

Eu_5

Eu_6

(=A)



1 change

N = 34

N = 2

N = 3

N = 21

N = 10

Eu 1

Eu 3

Eu 5

B. brongniartii

Eu 4

Eu 6

Bloc

Insect Soil/Bait Leaf Surface

2

13

7-/1

11

17/2 2

2
3

-/4 5

Environmental Distribution of B. bassiana Isolates

(Field / Hedgerow)

-
-

-
-



Eu_3 Eu_4 Eu_5 Eu_6 B. bro. Clade CEu_1

1 2 543 7 8 96 11 1210

Beauveria infection web: hedgerow insects

n=2 n=2 n=11 n=3 n=1 n=2n=13

Insect spp.

Beauveria spp.



Eu 6

Eu 1

Eu 4

Eu 3

Eu 5

1 change

N = 34

N = 2

N = 3

N = 21

N = 10

Eu 1

Eu 3

Eu 5

B. brongniartii

Eu 4

Eu 6

B locus Microsatellites(n=18), Mating Type

Gene Genealogy vs. Multilocus Microsatellite Genotyping

MAT1

MAT1

MAT2

MAT1

MAT1: MAT2 = 31:2



- includes numerous phylogenetic species

- most species have broad geographic distributions

B. bassiana:

- occur in multispecies communities, although 1 species usually dominates

- despite outcrossing mating system, local population structure asexual

- extensive genotypic diversity among strains

- tillage affects community composition

Reproductive mode:

Mycotrol:

- detected on 4 continents

- rare lineage, intraspecific recombination unlikely

Summary



- Promote genome sequencing of agronomically important microbes

Into the Future:

- Identification resources to enhance knowledge, communication, management

- Network to enhance biocontrol microbial ecology  




